ABSTRACT We hypothesised that exposure to workplace aerosols may lead to lung function impairment among cement production workers.
Introduction
Cement is the key ingredient of concrete constructions. The cement production industry employed ∼61 000 workers in the European Union in 2011 [1] . Workers in cement plants are exposed to airborne particulate matter (dust) generated from cement and raw materials during the production of cement. Employees in the construction industry are also exposed to cement-containing dust, although in lower concentrations [2] .
Clinker is the main component of cement. Clinker is made by heating a fine particulate blend of limestone and clay, and sources of the other necessary constituents calcium, silicon, iron and aluminium, in a kiln to 1450°C. The clinker is ground with gypsum, forming cement, which has different properties to the raw materials. The cement takes on strong alkaline and irritating properties when mixed with water [3] .
Inhalation of dust during cement production has been linked to airway symptoms and obstructive lung changes [4, 5] , but the lack of good prospective studies has made it difficult to establish exposure-response relationships [5] .
To assess exposure we chose to measure the thoracic aerosol fraction, because this fraction was considered to be the most relevant for bronchial effects [6] . The cross-sectional analysis of the baseline examination of lung function and exposure of the participants, enrolled in 2007, indicated that exposure to dust in cement production may lead to reduced dynamic lung volumes [7] . This is in agreement with several earlier cross-sectional studies [8] [9] [10] [11] [12] [13] , although nonpositive studies have also been published [14] [15] [16] [17] . The aim of the present study was to investigate the longitudinal exposure-response relationship between exposure to dust in cement production plants and dynamic lung function during a 4-year follow-up.
Methods
Employees of 24 cement production plants without former asbestos cement production, which were members of the European Cement Association, were invited to participate. The plants agreeing to participate were located in eight different countries. The study was planned and performed in close cooperation with national coordinators representing the plants in their country. A total of 4966 workers were recruited for the study in 2007 (n=4262) and 2009 (n=704). Plant staff collected air samples, measured lung function and completed questionnaires at baseline, and at follow-up in 2009 (3328 workers) and in 2011-2012 (3238 workers) (table 1). The mean individual follow-up time was 3.5 years (range 0.7-4.6 years). Power calculations indicated that a sample size of 2500 was needed to address both main effects and interaction effects with 80% power to detect a decline of forced expiratory volume in 1 s (FEV1) of 10 mL per year at 5% statistical significance.
Exposure
Aerosol exposure was measured by personal sampling with thoracic cyclones. The air concentration of particulate matter in the thoracic fraction [6] is hereafter called thoracic aerosol exposure. Details of the exposure measurements and of the production process in the participating plants have been published previously [7, 18] . Exposure was estimated by mixed effect models based on 6111 samples covering 165 combinations of job type and plant. Two plants were excluded because it was uncertain whether sampling was done according to protocol. Predictions of arithmetic mean exposure to thoracic aerosol for each combination of job type (except administration), plant, sampling year and season were computed from the corresponding regression coefficients, the between-subject variances, and the plant-specific residual variance of the mixed effect models [19, 20] . The exposure model and its use for prediction of individual exposure levels during follow-up are further explained in the online supplementary material.
Workers were likewise classified into job types based on questionnaire information obtained at baseline and each follow-up (table 1) . Mean exposures during follow-up were predicted for each individual based on the exposure model and time between spirometry measurements, and their resulting arithmetic mean exposure were classified into quintile levels limited at 0.09, 0.89, 1.56, 2.25, 3.36 and 14.6 mg·m −3 , and used as levels of exposure in the analysis of lung function. Employees that worked in administration during the entire follow-up served as a second comparison group.
Lung function
Spirometric measurements were performed according to American Thoracic Society (ATS)/European Respiratory Society (ERS) guidelines [21] , with the same Vitalograph 2160 devices (Vitalograph Ltd, Maids Moreton, UK) at baseline and follow-up. Reversibility testing was not performed. Standing height and body weight were measured and recorded at each test occasion. To increase compliance with the protocol a training programme, including written short versions of the protocol and instruction videos, and site visits by the research team to the plants during the start of each measurement campaign was applied. Forced expiratory volume in 1 s (FEV1), forced expiratory volume in 6 s (FEV6) and forced vital capacity (FVC) were recorded. Two of the authors (K-C. Nordby and A.K. Fell) classified each obtained spirogram as either valid or not valid according to guidelines, taking into account the repeatability between the two best curves, the end-of-test criterion and the shape of the curve, discarding the test if cough or extraneous inhalation during the procedure was suspected [21] . We applied an end-of-test criterion of 50 mL·s −1 for FVC. Participants with at least one valid spirometric measurement were included in the analysis. A valid test at one occasion consisted of at least three acceptable exhalation manoeuvres. The technicians performed a daily calibration and leakage test on the spirometers.
Questionnaires
A questionnaire about job tasks was designed by the research team in close cooperation with the national coordinators. Information on respiratory health was collected using the International Union Against Tuberculosis and Lung Disease questionnaire [22] with additional questions about allergy, asthma and smoking. Questionnaires were translated from English to the local language by each national coordinator. The translation was checked using translation back into English by a second person. Questionnaires were filled out in connection with each spirometry test. Further details have been presented elsewhere [7] .
Data analysis
Longitudinal changes in dynamic lung volumes during follow-up were analysed as outcomes, using FEV1, FEV6 and FVC all divided by standing height squared (h 2 ); FEV1 and FVC as percentage of the European predicted values (European Community for Steel and Coal) [23] ; and the FEV1/FVC ratio. The rationale for using the % predicted values from the European Community for Steel and Coal was to provide standardisation for height, age and sex, and not to compare individual values with European values. For each analysis, individual data points for FEV1, FEV6 and FVC considered not valid according to guidelines [21] were excluded from that analysis.
Exposure-outcome relationships were analysed by mixed effect regression models using person identity as a random intercept and other covariates as fixed effects. Individual follow-up time in exposure groups served as the exposure variable of interest. This variable was represented in the model by an interaction term between exposure category and follow-up time. Non-administration workers were classified into quintiles using estimates of arithmetic mean exposure computed from the exposure model. Administration workers were treated as a separate group. The lowest-exposed quintile served as the reference. Adjustments were made for plant, sex, age at baseline, smoking, self-reported allergy (yes/no), physician-diagnosed asthma (yes/no), using a respirator for most of the day (yes/no), and previous occupational exposure to dust and gases for more than a year (yes/no). Age at baseline was represented by the actual age and two additional variables representing the number of years in excess of 30 years and 50 years of age, respectively. This was done to allow the baseline effect of age to vary with increasing age. Smoking was introduced into the models both as smoking status at baseline (never-smoker, former smoker, or current smoker of 1-9, 10-19 or ⩾20 cigarettes a day) and as the number of pack-years at baseline and during follow-up. Additional analysis restricted to non-asthmatics and analysis of interaction effects was also performed. Sensitivity analysis was performed to evaluate the influence from the Turkish participants. Outliers defined by standardised residuals exceeding ±3.0 were excluded from analysis. Statistical analysis was performed using STATA version 13.1 (STATA Corp, College Station, TX, USA).
The study obtained approval from ethical research committees in Sweden and Norway ( permission number: S-06220), covering all countries. All participants signed a written consent form.
Results
The baseline lung function values of participants who contributed at least one valid measurement of FEV1 are shown in table 2. We identified one plant in which FEV1·h −2 increased with follow-up time. This was considered to be due to suboptimal exhalation manoeuvres during spirometry at baseline. Hence, the workers in this plant were excluded from the analysis. The annual decline in FEV1·h −2 in the lowest exposed (reference) group was 12.2 mL·m −2 (95% CI 9.7-14.6). The longitudinal declines did not increase significantly with age (results not shown).
Associations between thoracic aerosol exposure and lung function decline The estimated arithmetic mean thoracic aerosol exposure for the subjects ranged from 0.09 to 14.6 mg·m . Increasing exposure levels were consistently associated with longitudinal declines of FEV1 and FVC % predicted (table 3) . Likewise, increasing exposure levels were consistently associated with declines of FEV1 , FEV6 and FVC, all divided by standing height squared (FEV1·h ) and at higher levels for FEV1·h Data are presented as % points change (95% CI). Estimates are from linear mixed model regression using person identity as a random intercept and other covariates as fixed effects. Adjustments were made for exposure category at baseline (five quintiles plus administration), smoking at baseline (0, 1-9, 10-19 or ⩾20 cigarettes per day), plant, pack-years of smoking at baseline and during follow-up, allergy (yes/no), physician-diagnosed asthma (yes/no), self-reported use of a respirator most of the time (yes/no), and previous occupational exposure to dust and gases for more than 1 year (yes/no). FEV1/FVC was additionally adjusted for age at baseline and sex. Bold font indicates estimates that are statistically significant at the 5% level compared with the lowest quintile from 0.09-0.88 mg·m Also, employees working in administration had a significantly larger decline of FEV6·h −2 and FVC·h
than the lowest exposed group, but not of FEV1·h −2 . For FEV1 /FVC the reduction in the highest exposure level was significantly different from the lowest level (table 3) .
Potential confounding and interaction
To assess the influence of allergy, asthma and using a respirator on the longitudinal lung function changes in the exposed groups, models without these covariates were also built, showing stable estimates of exposure-effect associations with minimal changes of the coefficients. Thus, no substantial confounding from these covariates was present. Also, separate analyses restricted to non-asthmatic individuals were performed. The estimates of exposure-outcome associations did not change substantially from models including and adjusted for individuals with asthma.
In order to assess the interaction between exposure and other factors, models with triple interaction terms including exposure category and potential confounders as indicator variables and time as a continuous variable were applied. Models of interaction between level of exposure and smoking showed additive effects. Likewise, models of interaction between level of exposure and using a mask most of the time showed additive effects, but in the two highest exposure categories, the effect was somewhat, but not significantly, higher among those who did report using a mask than those who did not, with reference to the same exposure quintiles. Further, models of interaction between level of exposure and age above 50 years, previous exposure to dust and gases, and asthma all showed less-than-additive effects, but neither of the interaction terms reached statistical significance.
Sensitivity analysis
Identical models were run using a reduced dataset excluding Turkey. Omitting all Turkish participants clearly reduced the power to detect significant changes in lung function, with observed widening of confidence intervals. However, we found comparable and stable effect estimates in the four lower exposure categories and in administration, and more unstable estimates in the highest exposure category, regarding models of FEV1 % predicted, FEV1·h 
Discussion
In this study longitudinal declines of dynamic lung volumes among cement production workers were consistently associated with increasing exposure to thoracic aerosol, showing exposure-response relationships. Regarding FEV1 and FVC % predicted the longitudinal declines were significantly in excess of the reference category for exposures exceeding 1.55 mg·m −3 [23] . This was also the case for FEV1·h . For FEV1/FVC exposure above 3.36 mg·m
was associated with a significantly higher decline than reference. The lung volume declines in the administration group were also higher than reference. The size, the exposure assessment of thoracic aerosol and the longitudinal design make this study unique among studies in this industry. Data are presented as mL change (95% CI). Estimates are from linear mixed model regression using person identity as a random intercept and other covariates as fixed effects. Adjustments were made for exposure category at baseline (five quintile levels plus administration), age at baseline, smoking status at baseline (0, 1-9, 10-19 or ⩾20 cigarettes per day), sex, plant, pack-years of smoking at baseline and during follow-up, allergy (yes/no), physician-diagnosed asthma (yes/no), self-reported use of a respirator most of the time (yes/no), and previous occupational exposure to dust and gases for more than 1 year (yes/no). Bold font indicates estimates that are statistically significant at the 5% level compared with the lowest quintile from 0.09-0.88 mg·m Based on the estimated declines of FEV1·h
, for a 1.75 m standing height person (the median of the subjects' height), a 12.2 mL·m −2 decline in the comparison group and 3.8 and 7.4 mL·m −2 excess decline in FEV1 in the fourth and fifth exposure quintile, equals a 37 mL yearly decline in FEV1 in the comparison group and 12 and 22 mL excess yearly decline in FEV1 due to exposure, respectively. Over a period of, for example, 20 years, this would lead to an added loss of FEV1 of more than 400 mL in the highest exposure group, which is considered clinically relevant. Today, no consensus regarding reference values for longitudinal decline in dynamic lung volumes exists [24] . The decline in the comparison group is somewhat greater than reported normal reductions in unexposed nonsmokers (25-30 mL of FEV1) based on cross-sectional data [25] .
Only three previous longitudinal studies of cement workers have been identified. In an Italian study including 36 cement workers 53% were followed for 11 years, showing a decline of 340 mL in FEV1, equal to an annual decline of 31 mL [26] . In a study from former Yugoslavia, a 2.4 percentage points decline in FEV1/FVC was reported in an 8-year follow-up of 160 cement workers. The difference between the exposed group and the comparison group of 80 shipbuilders was not statistically significant [27] . In a recent study from Ethiopia a decline in FEV1 and FEV1/FVC of 92 mL and 1.8 percentage points, respectively, was found during a 1 year follow-up of 45 cement workers, which was significantly greater than the decline among controls [28] . In this study, the exposure was measured as "total dust" and geometric mean exposure levels among production workers were 8.2 mg·m
, which is a substantially higher exposure level than in the present study.
Also in other industries with exposure to inorganic dust, increased longitudinal declines of FEV1 have been reported [29, 30] . An accelerating decline in lung volumes starting from 20-30 years of age has been indicated from cross-sectional data [25] , but this could not be confirmed in the present study.
Declining lung function among workers in cement production plants may possibly be related to airway inflammation. This has been demonstrated both in humans and in animal models after cement dust exposure [31, 32] . Cement particles possessing irritant effects and components in the raw material, such as organic dust components or crystalline silica, if present, may be factors of importance. However, the levels of respirable crystalline silica have been low in routine measurements performed in cement plants (S. Gardi, Italcimento, Bergamo, Italy; personal communication).
Validity
In order to obtain valid spirometry measurements manuals in local languages, instruction videos in local languages, training sessions and site visits to the teams collecting the data were performed. Only spirograms considered valid according to ATS/ERS criteria [21] were used for analysis. 5% of the spirograms were classified as unacceptable regarding FEV1 and 21% regarding FVC, using 50 mL·s −1 as the end-of-test criterion [21] . Since it is known that respiratory disease is a determinant of spirometric failure [33] we chose not to apply the more stringent published end-of-test criterion according to guidelines (⩽25 mL·s −1 ). This has been supported by a recent study [34] .
Selection mechanisms may possibly have resulted in a healthy worker effect. This has also previously been found regarding FEV1 and industrial exposure [35] . The administration workers showed greater declines in lung function than the reference group for several lung function indices. Several workers employed in administration, such as engineers and health and safety personnel, regularly perform tasks in exposed areas. Administration workers may also undertake less physical activity as part of their work, which may be of importance for their respiratory health [36] . Further, workers in the production departments may be prone to changing their job to administration if they experience adverse airway effects during work, leaving workers who are more resilient to exposure in the exposed groups. Such factors support the choice of low-exposed blue-collar workers as the reference.
Reversibility testing was not performed, since the extra time needed for this procedure was not considered feasible by the plants. To check if estimates could have been biased because of asthma, additional analysis excluding participants reporting asthma was performed. The analysis restricted to non-asthmatics showed similar estimates of effect compared with models based on all participants. Although the covariate representing asthma was significant in a majority of the performed models, asthma did not confound associations between exposure and longitudinal outcomes [37] .
The natural longitudinal reduction of dynamic lung volumes may accelerate with increasing age [25] . To account for a possible age effect, we introduced covariates to let the baseline effect vary with age and we also tested for interaction between age>50 years (yes/no) and exposure. The estimates of the interaction terms with age were not statistically significant.
Further, analysis of interaction effects of exposure on one side, and smoking, asthma, use of a respirator and previous exposure on the other side were in agreement with additive or less than additive effects. Overall, no significant interaction effects were identified.
The finding of no protective effect from respirators in this study should not lead to a conclusion that respirators are ineffective, especially since this study did not include any objective assessment of respirator use. Since exposure is measured outside of respirators, exposure-outcome associations will be accordingly underestimated among workers using a respirator. Therefore our results may be generalised to cement production plants where respirators are used with similar frequency as in the current study.
Exposure
The thoracic aerosol fraction was chosen for exposure assessment. This fraction provides the best estimate for inhaled particles that may deposit in the lower airways [6, 38] , thus reducing misclassification of the exposure. Such misclassification tends to be nondifferential, leading to a dilution of effect estimates [37] . However, more commonly the respirable, "total dust" or inhalable dust fractions have been used for exposure assessment in occupational studies. In order to facilitate comparisons to other studies, the relationships between thoracic aerosol and other aerosol fractions have been estimated in selected plants participating in the current study [39] . The predicted median ratios of the aerosol fractions in that study were 0.51, 2.4 and 5.9 for respirable/thoracic, total/thoracic and inhalable/thoracic fractions, respectively. If these fractions are multiplied with the lowest exposure level found to be associated with longitudinal lung function decline of 1.56-2.24 mg·m −3 in the current study, the estimated lowest levels of effect found equals 0.8-1.1 mg·m −3 for respirable dust, 3.7-5.4 mg·m −3 for total dust and 9.2-13 mg·m −3 for inhalable dust. For respirable and total dust, these levels are below current occupational exposure limits.
Recommendations and conclusions
Exposure was associated with longitudinally declining lung volumes at a statistically significant level when exposure exceeded 1.55 and 2.24 mg·m −3 thoracic aerosol, regarding FEV1 and FVC % predicted, and FEV1, FEV6 and FVC, respectively. 40-60% of the non-administration employees participating in the current study were exposed at or above these levels. Preventive measures beyond respiratory protection should be implemented to reduce exposure as the most important action to prevent lung function decline. The substantial differences between exposure levels in the plants suggest that this should be possible [18] .
